We report the infrared spectrum of H2C4-(OCS)2 trimer in the region of the 1 fundamental vibration of the OCS monomer. The van der Waals complexes are generated in a supersonic slit-jet apparatus and probed using a rapid-scan tunable diode laser. Both H2C4-(OCS)2 and D2C4-(OCS)2 are studied. Analysis of their spectra establishes that the trimer has C2 point group symmetry. Theoretical calculations performed to find stationary points on the potential energy surface confirm that the observed structure is the most stable form. The experimental rotational parameters are in very good agreement with those computed using double hybrid functionals.
INTRODUCTION
Mixed dimers and trimers formed from OCS and the first member of the polyyne series, acetylene, have been studied extensively by high resolution spectroscopy. Two isomers of the mixed dimer H2C2-OCS were first studied by Peebles and Kuczkowski using microwave spectroscopy [1, 2] .
One of them [1] was observed to be planar and near-parallel analogous to the observed H2C2-N2O and H2C2-CO2 dimers. The other one [2] was also planar but T-shaped similar to acetylene dimer. The Tshaped isomer has C2v symmetry, with OCS forming the stem of the T, and the S atom in the inner position. Infrared spectra of both dimers were later studied in the OCS 1 region [3] and they showed rather different vibrational shifts, a small red shift (-0.3 cm -1 ) for the near-parallel form and a larger redshift (-5.7 cm -1 ) for the T-shaped form.
The first identification of the mixed trimer H2C2-(OCS)2 was also made by Peebles and
Kuczkowski [4] . This trimer (isomer b) was found to possess a twisted barrel shaped structure similar to (OCS)3 [5] and (N2O)3 [6] . It has a polar OCS dimer unit, hence its rotational spectrum was studied by means of microwave spectroscopy. However, the pure rotational spectrum of the ground state isomer of H2C2-(OCS)2 with a non-polar OCS dimer unit could not be detected due to a very small permanent dipole moment which could arise only from induced effects. This lowest energy isomer (isomer a) was later observed in the infrared region [7] . It has a C2 symmetry axis perpendicular to and passing through the center of mass of C2H2, in contrast to isomer b which has no symmetry. Two fundamental bands for isomer a were observed in the OCS 1 region. One of the bands is a relatively strong c-type band associated with the out-of-phase vibration of the OCS monomers. The other band, with b-type selection rules, arises from their in-phase vibration and would have zero intensity in the planar limit. Observation of a b-type band thus establishes the nonplanarity of the OCS dimer unit within the trimer.
A related trimer is (C2H2)2-OCS. Two distinct isomers of this trimer have been observed. First is a barrel-shaped isomer whose precise structure is still unclear [8] . This uncertainty is probably due to the presence of large amplitude intermolecular motions. The second isomer is a planar form with the C2H2 monomers in a nearly T-shaped orientation, like C2H2 dimer, and OCS approximately parallel to the 'stem' of the T [9] . The energy ordering of the two isomers has not been well established.
Much less is known on complexes containing OCS and the second member of the polyyne series, diacetylene. The only study is that of the mixed dimer of H2C4-OCS in the infrared region reported recently by our group [10] . Like H2C2-OCS, H2C4-OCS was found to have a planar structure with nearly parallel monomer units, and with the help of theoretical calculations, it was established that the observed structure is the lowest energy form on the potential energy surface.
In the present letter, we report observation of a fundamental band for H2C4-(OCS)2 in the region of the ν1 fundamental vibrations of the OCS monomer. This is a hybrid band with a very strong c-type component accompanied by a much weaker a-type. The trimer observed here has C2 point group symmetry with the C2 symmetry axis perpendicular to and passing through the center of mass of HCCCCH. We also carried out various levels of theoretical calculations in support of our experimental findings. The theoretical calculations confirm that the observed trimer is the most stable form and has an OCS dimer unit which is planar and non-polar. This is in contrast to H2C2-(OCS)2 where the OCS dimer has a substantial dihedral angle giving rise to a b-type band due to the in-phase vibration of the OCS monomers. In addition to the normal isotopologue, we also study a band for D2C4-(OCS)2. The results were found to be consistent with those of the normal species. The experimental rotational parameters are in very good agreement with those computed using double hybrid functionals.
COMPUTATIONAL DETAILS
The experimental investigation was supported by theoretical calculations to characterize the different minima on the potential energy surface (PES) of H2C4-(OCS)2, and for determining their relative binding energies. Employing different basis sets, several computational approaches were used, from density functional theory (DFT) to wavefunction-based methods, to the coupled cluster (CC) level of theory. When modelling molecular complexes, the dispersion forces must be included in the DFT analysis [11, 12] ; in the present work all the DFT calculations were carried out including the DFT-D3BJ dispersion corrections proposed by Grimme [13, 14] and the maug-cc-pVTZ basis set [15] .
The stationary points on the PES were first characterized by using the B3LYP functional [16, 17] , and then further refined using the B2PLYP functional [18] . Subsequent calculations of the harmonic force fields confirmed that all the structures correspond to true minima on the PES. To minimize the basis set superposition error (BSSE) all the DFT calculations employed the counterpoise correction (CP)
proposed by Boys and Bernardi [19] . For the most stable isomer, the vibrational corrections to the corresponding equilibrium rotational constants were obtained (within the VPT2 framework) from the anharmonic force field data computed using the B3LYP functional, because of its good performance in modelling this anharmonic part of the potential [20, 21] . At this level of theory, when including in the VPT2 treatment all the intermolecular motions, no negative frequencies for the fundamentals were found, and no abnormally large values of the cubic force constants were detected, thus suggesting that the bias introduced should not be too relevant. Anyway, to overcome this source of errors, in the present work the vibrational corrections were computed using a reduced-dimensionality scheme, and all the modes falling below 60 cm -1 were excluded from the VPT2 calculations.
The values of the binding energies were further refined by a composite scheme relying on a series of single-point calculations carried out by using both MP2 [22] and CCSD(T) [23] levels of theory. These in turn rely on different extrapolation schemes to the complete basis set (CBS) limit [see, for example, refs. [24] [25] [26] , and references therein]. In the present work, the BE estimates were obtained by correcting the MP2/CBS values with the cc-pVTZ and cc-pVQZ basis sets [27] [28] [29] with the CCSD(T)/cc-pVTZ energies. Core-valence (CV) corrections were obtained at MP2 level and using the cc-pCVTZ basis set [30] .
All the calculations were carried out employing the Gaussian suite of quantum chemical programs [31] ; for DFT functionals, the UltraFine grid as available in Gaussian16 (corresponding to 99 radial and 590 angular points) was used, because of its good performances (see for example Ref. [32] )
for the calculations of anharmonic force field data. We found eight different isomers of H2C4-(OCS)2 of which four of the lowest energy structures are illustrated in Figure 1 .
The most stable form of H2C4-(OCS)2, with C2 symmetry, is shown in Fig. 1a . It consists of a nonpolar planar OCS dimer unit with a diacetylene on top. The OCS dimer unit has a very small slip angle, similar to the geometry of the lowest energy isomer of the isolated OCS dimer [33, 34] . Isomer a is the form observed in the present work. The other calculated isomers in Fig Table 1 and the Cartesian coordinates for these structures are given in Table A1 , which is available as supplementary data associated with this letter. c Computed using the composite scheme described in the text (in parentheses the values corrected by ZPV).
RESULTS AND ANALYSIS
The spectra were obtained using a pulsed supersonic slit-jet expansion of a dilute mixture of C4H2 (0.3%) and OCS (0.1%) in helium carrier gas, with a backing pressure of about 8 atmospheres. All spectra were recorded by direct absorption using a rapid-scan tunable diode laser spectrometer, as described previously [37] . The diacetylene was synthesized by the procedure described in Ref.
[38].
DCCCCD was obtained by mixing HCCCCH with a 1 molar solution of NaOD in D2O as described by Etoh et al. [39] . The samples of diacetylene and diacetylene-d2 thus prepared were purified by repeated distillation under vacuum and then stored at LN2 temperature. The purity of the sample was checked using low resolution infrared spectroscopy. Wavenumber calibration was carried out by simultaneously recording signals from a fixed etalon and a reference gas cell containing OCS. Spectral assignment and simulation were made using PGOPHER software [40] .
The most stable isomer (isomer a) with C2 symmetry is depicted with its inertial axes in Fig. 2 .
Here, the b inertial axis is perpendicular to the diacetylene monomer axis and passes through its center of mass. The angle between the c-axis and the equivalent OCS monomers is 23. Because the b-axis is also perpendicular to the OCS dimer plane, we expect only one intramolecular fundamental in the region of the OCS monomer 1 fundamental. This band would have a hybrid a/c-type structure with a predominating c-type component. Due to nuclear spin statistics and the trimer's two-fold symmetry axis, we expect (and observe) a characteristic intensity alternation in the spectrum. In the case of the normal H2C4-(OCS)2 isotopologue, levels with KaKc = ee and oo in the ground vibrational state have a weight of one while other levels have a weight of 3. In the case of D2C4-(OCS)2, the weights are 6 for ee and oo levels and 3 for eo and oe levels. A search to the higher frequency side of the vibrational fundamental of H2C4-OCS dimer [10] resulted in observation of a new band which was assigned to H2C4-(OCS)2. This band was located Because of limitations with the DCCCCD sample, the quality of the spectrum for D2C4-(OCS)2 was not as good as that for the normal isotopologue. However, we still managed to assign 50 frequencies to 79 transitions. These line positions could be fitted, again in terms of an a/c-type band. The weighted rms of the fit to the seven rotational parameters, listed in Table 2 b 0 is the vibrational shift of the band origin relative to that of the free OCS molecule.
DISCUSSION AND CONCLUSION
Comparison of the theoretical equilibrium rotational constants for H2C4-(OCS)2, columns 2 in Table 1 and columns 3 in Table 2 , with the experimental rotational constants, column 2 in Table 2 , clearly shows that the observed trimer corresponds to the lowest energy isomer. This is not surprising considering that the jet conditions employed in this work favor the formation of the ground state structure. The comparison with the computed rotational constants augmented by vibrational corrections using the reduced-dimensionality scheme previously reported appears remarkable, but we have to point out that these predictions could be still somewhat affected by some residual errors.
It is also possible to compare the theoretical trimer structure with those of H2C2-(OCS)2 and the isolated OCS dimer. The OCS dimer subunit within the trimer has R = 3.694 Å, θ = 84.2º, and dihedral angle = 180º, as compared to values of R = 3.648 Å, θ = 89.4º, and dihedral angle = 143.9º for H2C2-(OCS)2 [7] and R = 3.648 Å, θ = 85.4º, and dihedral angle = 180º for the isolated non-polar (OCS)2 [33] .
Here, R is the distance between the centers of mass of the monomers and θ is the angle between the line connecting the centers of mass and the OCS monomer axes. Also, θ = 90º means a slip angle of zero and a dihedral angle of 180º indicates that the dimer is planar. We note that (OCS)2 geometries are very similar, with the largest difference being the deviation from planarity of the OCS dimer subunit in the H2C2-(OCS)2. Another difference is between the orientations of acetylene and diacetylene with respect to the inertial c-axis. This angle is nearly zero for H2C2-(OCS)2, whereas for H2C4-(OCS)2 it is 49º and titled toward the hydrogen atoms. As noted in Ref. [7] the nonplanarity of OCS dimer in H2C2-(OCS)2 is, in part, due to simple steric effects where the larger S atoms are "pushed away" by the approaching acetylene. In the case of H2C4-(OCS)2, the minimization of steric effects occurs because the longer chain diacetylene can tilt away from the sulfur atoms more easily and at the same time leaving the geometry of the OCS dimer unit unchanged. 
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